Plant roots consist of a meristematic zone of mitotic cells and an elongation zone of rapidly expanding cells, in which DNA replication often occurs without cell division, a process known as endoreduplication. The duration of the cell cycle and DNA replication, as measured by 5-ethynyl-29-deoxy-uridine (EdU) incorporation, differed between the two regions (17 h in the meristematic zone, 30 h in the elongation zone). Two distinct subnuclear patterns of EdU signals, whole and speckled, marked nuclei undergoing DNA replication at early and late S phase, respectively. The boundary region between the meristematic and elongation zones was analysed by a combination of DNA replication imaging and optical estimation of the amount of DNA in each nucleus (C-value). We found a boundary cell with 4C nuclei exhibiting the whole pattern of EdU signals. Analyses of cells in the boundary region revealed that endoreduplication precedes rapid cell elongation in roots.
S
ize compensation is a universal phenomenon in which tissue size is adjusted by enlarging the cell volume accompanied by a low rate of cell division [1] [2] [3] [4] [5] . Cell expansion coupled with repeated rounds of DNA replication without cell division, known as endoreduplication (also referred to as endoreplication), has been observed in groups as diverse as bacteria 6 , insects 7 humans 8 , and plants 9, 10 . In multicellular organisms, coordination between cell expansion and endoreduplication is often essential for tissue growth and morphogenesis. Cell expansion accompanied by endoreduplication results in increased copy numbers of genes in the cell, which can increase the rates of biosynthetic production; this occurs in cells in the Drosophila salivary gland 7 . In many plants, including the model plant Arabidopsis thaliana, cell expansion accompanied by endoreduplication is closely related to the development of the root, hypocotyl, and endosperm tissues, the giant cells of the sepal, and the trichome and pavement cells in the leaf 9, 10 . Light 11 , DNA damage 12 , pathogen attack 13 , phytohormones 14 , and cell cycle regulators 9, 15, 16 affect this relationship. The root of A. thaliana is one of the most well characterized organs. It comprises the meristematic zone, in which random cell division occurs, and the elongation zone, in which endoreduplication occurs 17 . The size of cells gradually increases from the basal half of the meristem, and rapidly increases from start of the cell elongation zone 18 . However, the question of which comes first, endoreduplication or rapid cell expansion, has long been an important issue in plant development 19, 20 . In this study, we studied the differences between mitotic and endoreduplication cell cycles using 5-ethynyl-29-deoxy-uridine (EdU) to monitor DNA replication in the root meristem and elongation zones. The EdU method has several advantages over the classical method using 5-bromo-29-deoxy-uridine (BrdU); unlike BrdU, EdU can be detected by a small molecule that can pass through cell walls, allowing analyses of intact plant tissues [21] [22] [23] . Using this method, we were able to define the boundary region between meristematic and elongation zones based on S phase-specific EdU signal patterns and C values (which reflect the amount of DNA) estimated by SYBR Green staining in each cell nucleus. Our analyses showed that DNA replication precedes rapid cell expansion in the boundary region.
Results
Determination of cell cycle duration and analysis of synchronization of DNA replication. When roots of A. thaliana were incubated in liquid medium containing EdU for various periods, EdU-incorporated cells were detected in all cell layers ( Figure 1A, B) . The frequency of EdU-incorporated nuclei in the meristematic and elongation zones of the root increased proportionally with the incubation period ( Figure 1C, D) . The durations of the cell cycle and S phase were estimated by the linear function of the frequency of EdU-incorporated nuclei vs. the incubation period in EdU solution ( Figure 1E, F) . For cells in the meristematic and elongation zones, the cell-cycle durations were 17.1 h and 30.0 h, respectively, and the duration of the S-phase was 2.9 h and 8.7 h, respectively. In our analyses of the EdU method, the relationship between the frequency of EdU-positive cells and EdU incubation time was less proportional for cells in the elongation zone than for cells in the meristematic zone. This decreased proportionality was a result of endoreduplication, which caused variations in the DNA content in the nuclei of cells in the elongation zone of the A. thaliana root.
Interestingly, two to several adjacent EdU-positive nuclei were observed in A. thaliana roots even after a short exposure to EdU (Figure 2A ). When the frequencies of adjacent EdU-positive nuclei in the meristematic zone of A. thaliana roots were compared between 1 h and 3 h EdU-incubation periods, the frequencies of six and eight adjacent EdU-positive nuclei were higher after 3 h incubation ( Figure 2B ). These results suggested that the cell cycle, or at least the S-phase of the cycle, tends to be synchronized in adjacent cells in the meristematic region, even though cell division occurs randomly in this region. Next, we analysed roots incubated with EdU for 3 h and 6 h. EdU-positive aligned chromosomes were detected in roots incubated with EdU for 6 h ( Figure 2C, D) , but not 3 h. In the cells that had incorporated EdU at the start of the incubation, the cell cycle had advanced to the G2 phase by 3 h and to metaphase by 6 h. This implied that the nuclei that had been in late S phase at the start of the incubation could not enter M phase within 3 h. Thus, the length of the G2 phase in cells in the meristematic zone was predicted to be between 3 h and 6 h.
EdU signal patterns can be used to classify DNA replication into early and late phases. Careful observations of EdU-positive nuclei revealed two types of EdU signal distributions; whole and speckled patterns ( Figure 2E ). The whole pattern was characterized by an even distribution of the EdU signal throughout the nucleoplasm (but not in the nucleolus). The speckled pattern was characterized by patches of EdU signals throughout the nucleoplasm. These two patterns were also detected in many other plant species including rice and cucumber (Supplementary Figure 1) .
We analysed tobacco BY-2 cultured cells to explore the reasons for these two EdU patterns. These cells have large nuclei and their cell cycle can be synhcronized 24, 25 . Immunostaining was performed using antibodies against the euchromatic marker H3K4me2 to detect early DNA replication and the heterochromatic marker H3K9me2 26 ( Figure 3A , B, C, D); plant heterochromatic regions replicate at late S phase 27 . The whole pattern could be separated further into strongand weak-type patterns, depending on the intensity of the EdU signals. The weak EdU signals were five times less intense than the strong ones. The H3K4me2 staining was correlated with weak whole EdU signals, while H3K9me2 staining was correlated with EdU speckled signals ( Figure 3C , D, E). When histone modification immunostaining was compared with the intensity of EdU signal patterns, H3K4me2 staining was stronger in nuclei with the weak whole signal pattern, whereas H3K9me2 staining was weaker in such nuclei, compared with those showing other signal patterns ( Figure 3F ). This result indicated that the weak whole signal and the speckled signal represented early and late DNA replication stages in the nuclei ( Figure 3G ). To confirm the timing of these signal patterns in nuclei, BY-2 cells were synchronized at S phase using the DNA polymerase inhibitor, aphidicolin, and EdU was added as a pulse treatment at various times after aphidicolin release ( Figure 3H ). As the nuclei entered S phase after aphidicolin release, the frequency of speckled EdU signals increased. This result confirmed that the weak whole pattern appeared in nuclei at early S phase, and the speckled pattern appeared at late S phase.
DNA replication precedes cell expansion in the root elongation zone. We observed in the synchronized BY-2 cells that a short exposure to EdU enabled classification of 4C nuclei into early and late S phase. Therefore, this finding could be adapted to define cells beginning endoreduplication in the boundary region between meristematic and elongation zones. The 4C nuclei with the whole pattern of EdU signals indicated endoreduplicated cells at early S phase, while 4C nuclei with the speckled signals indicated mitotic cells at late S phase ( Figure 3I ). We defined the cells with 4C nuclei with the whole pattern of EdU signals as boundary cells. We examined A. thaliana root cells in the boundary region by staining nuclei with SYBR Green and by incorporating EdU ( Figure 4A ). These analyses revealed a boundary cell at the boundary between the meristematic and elongation zones (arrowhead in Figure 4A ). We constructed a histogram of nuclei area, which is proportional to the C value 8 , for cells in the root meristematic and elongation zones. The histogram showed four peaks, so those nuclei with an area of 1,100-1,900 pixels were defined as 4C nuclei ( Figure 4B ). Next, the relative cell area was calculated by normalization to the cell area of a boundary cell. We plotted the average relative nuclear area and the average relative cell area, against their position relative to the boundary cell ( Figure 4C ). The C value of cells and the cell area increased from the meristematic zone to the elongation zone. The cell area of boundary cells was not significantly different from that of mitotic cells with 4C nuclei that were located within five cells of the boundary cell ( Figure 4D ). Taken together, these results indicated that a greater increase in cell volume occurred after the onset of endoreduplication.
Discussion
There is a proportional relationship between incubation time with EdU and the frequency of EdU-positive nuclei. Therefore, it is possible to reduce the incubation period in EdU to determine the duration of the cell cycle. The duration of the cell cycle becomes longer as the developmental stage advances 28 . Thus, a short measurement period makes it possible to trace the duration of the cell cycle after germination. The method can also be adapted to other plant tissues, i.e. leaves 23 and the SAM 29 .
The duration of the cell cycle in plants has been determined using various methods 30 , such as labelling with 3 Hthymidine 30, 31 or BrdU [31] [32] [33] , by blocking the cell cycle with colchicine 34, 35 , and by kinematic methods with mathematical calculations 36 . 32 . A non-radioactive thymidine analogue, BrdU, allows visualization of DNA replication in roots, but an HCl treatment is required to denature DNA, and immunostaining with the anti-BrdU antibody requires multiple preparation steps to section tissues or prepare protoplasts 32 . These technical problems make it difficult to estimate the cell cycle dynamics of all cell layers in the root while maintaining its morphology. The duration of the cell cycle in the A. thaliana root 6 days after germination was estimated to be approximately 24 h using the kinematic method 37 . In contrast to the EdU method, the kinematic method is limited to regions of active cell division. It cannot be adapted to regions without cell division, i.e. elongation and differentiation zones, because it relies on an increase in cell number 30 . Time-lapse imaging using A. thaliana plants expressing cell wall and nuclear markers with fluorescent proteins demonstrated that the cell cycle duration was 16.6 h 38 , which is very close to that determined in this study for cells in the meristematic zone of the A. thaliana root. Comparing these results, the EdU method can easily and accurately determine the duration of the cell cycle in plant tissues without introducing fluorescent proteins fused to cell cycle markers.
Our method revealed that the cell cycle in the elongation zone is longer than that in the meristematic zone in A. thaliana roots. Generally, the duration of cell cycle becomes longer as the developmental stage advances 39 . Because the elongation zone sequentially changes into a differentiation zone, the slower cell cycle in the elongation zone is consistent with the developmental process in the root. Our results showed that the endoreduplication cycle acts upstream of rapid cell expansion in the root boundary region. Endoreduplication was shown to be strongly correlated with cell growth of trichome and pavement cells in the epidermis of leaves 10, 40 and with expansion of giant cells in the epidermis of sepals 41 . Those reports could not confirm whether endoreduplication and rapid cell expansion occurred first in such cells, but the identity of the cells was established before the cell cycle transition 40 . This is similar to the case in roots, in which cell identity is determined at the stem cell niche in the apical region of the meristematic zone. However, recent studies demonstrated that the onset of endoreduplication with repression of mitosis also plays an important role in determining the cell fate of trichome cells 42 and giant cells 43 . Trichome cells and giant cells are dispersed among the surrounding mitotic cells of the epidermis. In roots, however, orderly files of radicle cells sequentially become a part of the elongation zone through the boundary region. Endoreduplication has no effect on cell identity in roots, at least for cells in the elongation zone. It is plausible that the relationship between endoreduplication and cell expansion in the cell developmental process is coordinated by different mechanisms in leaves/sepals and roots.
Endoreduplication is regulated by proteins responsible for DNA replication and cell cycle control 16 . Overexpression of CDC6 (or CDT1a), which is a subunit of the prereplicative complex essential to initiate DNA replication, induces both mitosis and endoreduplication 44 . E2Fa, a promoter, and RBR, an inhibitor, are responsible for the transition from G1 to S phase. Overexpression of E2Fa or suppression of RBR, which contribute to the upregulation of S phasespecific genes, promotes both mitosis and endoreduplication 12 . These results suggest that there is little difference in DNA replication between the mitotic cell cycle and endoreduplication cycle. The conversion from mitosis to endoreduplication requires the suppression of mitotic entry after DNA replication, i.e., mitotic CDK inactivation through ubiquitin-mediated proteolysis 12 . Taken together, these facts and observations indicate that the pathway to induce rapid cell expansion is closely related to the inhibition of mitotic entry. The cell wall expansion that occurs during cell enlargement requires synthesis of polysaccharide polymers and cellulose microfibrils; however, the signalling pathway from mitotic repression to metabolic activation of cell wall components is completely unknown. Further research is required to identify an inducer of rapid cell expansion that activates metabolic activity after the mitosis-to-endoreduplication switch.
Methods
Plant materials. The following materials were used in this study: Arabidopsis thaliana (Nossen); BY-2 cultured cells: (Nicotiana tabacum cv. Bright Yellow-2); cucumber: Cucumis sativus ''Tokiwajibai'' (Ataria Noen, Japan); rice: Oryza sativa (Nipponbare).
Imaging procedures. Seedlings were placed in liquid medium (1 3 MS, 1% sucrose, and 10 mM EdU in Click-iT component A (Invitrogen)) or sterilized water (C. sativus and O. sativa) and incubated with EdU at 22uC under continuous light. EdU was detected following the manufacturer's instructions for Click-iT, and stained with 5,000-times diluted SYBR Green I (LONZA) for 4 min. After three washes with PBS, the samples were mounted with mounting medium (97% 2,29-thiodiethanol (Sigma), 3% 1 3 PBS, and 2.5% (g/V) n-propyl gallate) 45 . Samples were observed under a confocal laser microscope (IX 81, Olympus) equipped with a CCD camera (Cool Snap HQ2, Nippon Roper). Images were analysed with ImageJ software.
Cell cycle duration. Images were acquired as z-stack images and clearly stained images were chosen to count nuclei. Meristematic and elongation zones were designated according to the nearest distance between the edges of nuclear areas of adjacent cells in each cell file. The distance at the apex end of the elongation zone is more than twice that at the basal end of the meristematic zone. These values were obtained for each seedling and averaged over time. Then, the ratio of incorporated EdU (EdU-incorporated nuclei divided by SYBR Green-stained nuclei multiplied by 100) was plotted against the EdU incorporation time for cells in the meristematic zone ( Figure 1C ) and for cells in the elongation zone ( Figure 1D ). These plots were least squared and the time for all nuclei to incorporate EdU was estimated by the linear approximation formula:
Cell cycle duration~100=a ð1Þ
S Phase duration~b=a ð2Þ
where ''a'' is the slope and ''b'' is the x intercept of the linear approximation formula. The increasing rate of EdU-positive nuclei against incubation time with EdU can be calculated by the formula DN/Dt, where N is the frequency of EdU-positive nuclei. When the total number of nuclei is S and S is sufficiently large, the increasing rate of EdU-positive nuclei reflects the cell cycle rate, assuming that all cells in the field of observation have the same cycle length, and that each cell cycle stage is random (Figure 2 ). In addition, the cell cycle rate is indicated by the formula, dL/dt, where L is the stage of the cell cycle, Thus, we have the following equation:
The relationship of (1) is set. From the plot of the frequency of EdU-positive nuclei vs. EdU incubation time, a linear approximation gives the following formula:
Integration of right side of the formula (1) gives (3):
where b 5 c, N(t) 5 L(t) is set. One cell cycle span coincides with 0 , N(t) , 100, i.e. 2b/a , t , 100/a. Thus, cell cycle duration can be calculated using the following formula: ð100
Sequenced nuclei counting. We used samples of A. thaliana incubated with EdU for 1 and 3 h for this analysis. Sequences of 2, 4, 6, and 8 nuclei were counted in the meristem region, which was defined in the cell cycle duration experiment.
BY-2 EdU incorporation, immunostaining, and synchronization. BY-2 cells were cultured on a rotary shaker at 130 rpm at 27uC in the dark 24 . After 2 days, a 15 mL aliquot of BY-2 cells was centrifuged at 800 3 g and 13 mL supernatant was discarded. Then, 2 mL 10 mM EdU solution was added (final concentration 2 mM) and the cells were incubated on a reciprocal shaker at 130 rpm at 27uC in the dark for 6 h. The cells were then centrifuged at 800 3 g and the supernatant was discarded. Enzyme solution (2% Cellulase ONOZUKA RS, 0.1% Pectolyase Y-23 in 0.45 M mannitol, pH 5.5) was added and the cells were incubated on a reciprocal shaker at 130 rpm at 27uC in the dark for 90 min. After centrifugation at 800 3 g, the supernatant was discarded and the cells were washed with 6 M mannitol. The cells were fixed with PBS with 4% paraformaldehyde and washed with PBS with 3% BSA. EdU was detected as described under 'Imaging procedures'. After EdU detection, the cells were centrifuged at 3,600 3 g for a few seconds and the supernatant was discarded. The cells were incubated with 1% blocking reagent (Roche) in PBS for 30 min at room temperature in the dark. Primary antibody (anti-H3K4me2 or antiH3K9me2; Abcam) diluted 100 times with 1% blocking reagent in PBS was added and the cells were incubated overnight at 4uC. The samples were washed twice with polyoxyethylene sorbitan monolaurate (Tween 20) in PBS for 10 min with shaking on a reciprocal shaker at 70 rpm and then incubated with 1% blocking reagent in PBS for 30 min at room temperatures in the dark. Secondary antibody (anti-rabbit Alexa Fluora 488; Invitrogen) diluted 100 times with 1% blocking reagent in PBS was added and the mixture was incubated at 37uC for 1 h in the dark. The samples were washed twice with 0.05% Tween 20 in PBS for 10 min with shaking at 70 rpm. The first wash solution contained DAPI (4 mg/mL) and the samples were washed with deionized water three times. The samples were observed under a fluorescence microscope (BX53, Olympus) and images were acquired with a DP72 camera (Olympus).
BY-2 cells were synchronized in a single step as described by Kumagai-Sano et al 25 . A 10-mL aliquot of synchronized cells was centrifuged at 800 3 g and 8 mL of the supernatant was discarded. Then, 2 mL 10 mM EdU was added at 30, 90, 150, 210, 270, 330, 390, 450, 510, and 570 min after aphidicolin release and the cells were cultured on a reciprocal shaker at 130 rpm at 27uC in the dark for 30 min. The cells were centrifuged at 800 3 g and the supernatant was discarded. The cells were then fixed with 1 mL of PBS with 4% paraformaldehyde for 20 min. EdU detection was performed as described under 'Imaging procedures'. After EdU detection, the cells were stained with DAPI (4 mg/mL) and observed under a fluorescence microscope (BX53, Olympus). Images were acquired with a DP72 digital camera (Olympus) and analysed with ImageJ software.
Determination of the boundary of the root meristem and elongation zone. We used seedlings of A. thaliana, incubated with EdU for 1 h, for this experiment. The seedlings were stained with SYBR Green. The areas of the nuclei and the cells were measured from the SYBR Green signals and from transmission images.
